In boys, inflammatory bowel disease often results in delayed puberty associated with decreased bone mineral density and decreased linear growth. Our goal was to investigate whether pubertal timing and levels of leptin differed between prepubertal male mice with colitis and food-restricted (FR) mice maintained at a similar weight. We induced colitis in 32-d-old male mice using dextran sodium sulfate (DSS), resulting in 10 d of worsening colitis. We followed up these mice for separation of the prepuce from the glans penis as a marker of pubertal progression. Compared with freefeeding control mice, DSS and FR mice had significantly lower weight on d 7-10 of treatment. DSS mice had later puberty than control and FR mice. DSS mice also had smaller testes, lower FSH levels, increased systemic cytokines, and increased colonic inflammation by histology. Leptin levels were similar between DSS and FR mice, whereas both had decreases in leptin compared with controls. We conclude that DSS colitis causes delayed puberty in sexually immature male mice beyond what is seen among FR mice of similar weight, food intake, and leptin levels. These experiments provide support for the hypothesis that pubertal delay in colitis is influenced by factors beyond poor weight gain alone. (Pediatr Res 69: 34-39, 2011) 
I
nflammatory bowel disease (IBD), including Crohn's disease and ulcerative colitis, is associated with a delay in puberty in boys (1, 2) that can lead to decreased bone mineral accrual and a loss of a pubertal growth spurt (1, 3, 4) . The mechanism of this delay in puberty is thought to be at least in part because of the malnutrition seen in colitis (5) . In other states of malnutrition, depleted fat stores are associated with low levels of leptin, a hormone produced by adipocytes in proportion to the amount of fat within the cells (6) . Leptin is known to be necessary for pubertal progression, as evidenced by a lack of pubertal progression in rodent (7) and human (8, 9) males with leptin deficiency. Thus, one potential mechanism for pubertal delay in males with colitis could be decreased fat stores leading to lower leptin levels (10) .
Although a previous model of colitis in prepubertal male rats [using trinitrobenzene sulfonic acid (TNBS)] revealed a trend toward later puberty among rats with colitis versus a pair-fed group of similar weight, it is not known whether levels of leptin differed between prepubertal animals with colitis versus food-restricted (FR) controls (11) . We have previously demonstrated a difference in the timing of puberty in prepubertal female mice with colitis compared with a FR group (12) . However, influences on the timing of puberty are known to differ between males and females in relationship to body weight, as illustrated by a tendency for overweight females to have earlier puberty (13, 14) compared with a tendency for overweight males to have later puberty (15) . Similar gender-based differences may exist in the context of low body weight as well. Thus, the effects of colitis and leptin on pubertal timing in male mice remain unclear.
Given these gaps in knowledge, our goal was to determine 1) whether male mice with colitis indeed have later puberty than FR mice of a similar weight and 2) whether male mice with colitis have lower levels of leptin as a potential explanation for their delayed puberty. To determine these issues, we induced colitis in prepubertal male mice via administration of 3% dextran sodium sulfate (DSS) (16) in the drinking water and followed up the mice for the separation of the prepuce from the glans penis (11, 17, 18) . These experiments continue a line of research investigating whether there are processes besides undernutrition that contribute to delayed puberty in the setting of colitis.
MATERIALS AND METHODS
These experiments were approved by the Animal Care and Use Committee at the University of Virginia. C57BL6 mice were purchased from Jackson Laboratories and were housed in standard wire-top cages and fed with phytoestrogenfree chow. Two females and one male of childbearing age were housed together for breeding. Pups from litters of 6 -10 mice were included in these experiments. Pups were weaned at the age of 19 d by being removed from mother and placed in a cage with moistened chow for 3 d before starting dry food exclusively.
Starting at day of life (DOL) 32, male mice were evenly divided based on starting weight into three groups: control, DSS colitis, and FR. DSS colitis mice had 3% DSS (M r , 36; 100 -45,500; TdB Consultancy, Uppsala, Sweden) placed in the water supply from DOL 32-39 before DSS treatment was discontinued, and animals were allowed to experience continued colitis from DOL 39 to 42. Control mice and FR mice received deionized water alone throughout the course of the experiment.
Both control and DSS mice were given phytoestrogen-free food ad libitum throughout the experiment. FR mice were given only enough food to maintain their weight at the same level as the DSS-treated group. This food administration for the FR group was done on an empirical basis each day for each mouse in the FR group, whose daily weight as a percent of baseline was compared with the DSS mean.
Observation for complete separation of prepuce and glans penis was performed by daily inspection using surgical loupes and recorded as the day on which the glans penis was completely retracted from the prepuce (11, 17, 18) . Although every effort was made to blind the assessment of prepuce-glans separation, it is acknowledged that this was difficult given clear differences in the mice themselves related to bloody diarrhea in the DSS-treated mice and weight loss among both DSS-and FR groups. Levels of LH and FSH before and after gonadotropin-releasing hormone (GnRH) stimulation were determined in separate groups of control, DSS, and FR mice treated as described earlier on DOL 42. GnRH stimulation was performed using 100 mg/kg of GnRH (Bachem Americas, Inc, Torrence, CA) injected s.c., with blood drawn 15 min after injection. In addition, separate groups of control, DSS, and FR mice were used to measure intermediate serum levels of leptin and cytokines. Serum samples were drawn from these mice on DOL 36 and DOL 39, and the mice were killed on DOL 42.
At time of killing, animals were injected with standard mouse cocktail followed by cardiac puncture. Serum was stored at Ϫ80°until time of testing. Colons were removed and fixed in Bouin's reagent before embedding in paraffin, sectioning, and staining. Slides from individual animals were read by a blinded pathologist (James Mize, M.D., Anatomic and Clinical Pathology, Fairfax, VA) and scored for acute Inflammatory Index and Chronic Inflammatory Index (19) .
Serum measurements. Serum cytokines were tested in the University of Virginia Digestive Health Research Center core using a Beadlyte multiplex system (Upstate Cell Signaling Solutions, Temecula, CA). Because of limitations in the amount of serum volume, not all serum hormone measurements were able to be performed for all animals but were performed on randomly selected mice in each treatment group. Serum hormone measurements were tested in the University of Virginia Center for Research in Reproduction. Testosterone was measured via RIA (DPC Products, Corp., Los Angeles, CA). LH was measured in serum by a modified supersensitive two-site sandwich immunoassay, and FSH was determined by RIA, both measurements performed as described previously (12) . Corticosterone was performed using a Corticosterone Coat-a-Count kit (Siemens Healthcare Diagnostics, Los Angeles, CA).
Serum leptin measurement was performed using ELISA (Chrystal Chem, Inc., Downers Grove, IL; sensitivity 0.05 ng/mL; inter-/intraassay variability, 3.0 -4.6%/1.1-1.8%, respectively). Leptin measurements were performed in singlicate for all animals in all groups.
Statistics. Statistics were calculated using Prizm spreadsheet software and SAS. Comparisons of mean values between the three groups were performed using ANOVA with Bonferroni posttest comparison of all groups. KaplanMeier curves of timing of prepuce-glans separation were analyzed via logrank test (20) .
RESULTS
Weight gain, linear growth, and food intake. Prepubertal male mice receiving 3% DSS between DOL 32 and 39 exhibited a decrease in weight relative to controls starting at DOL 39 and continuing until mice were killed at DOL 42 (Fig. 1A) . This decreased weight/weight loss relative to controls was matched in the FR group. Food intake during the 10-d experiment was overall similar among the DSS and FR groups, and both groups had a decreased food intake relative to the control group ( Fig. 1B and C) .
Linear growth was affected for the DSS group relative to control (Fig. 1D ). Linear growth for the FR group was intermediate between the control and DSS groups, with no significant difference between the FR group and DSS or control mice.
Colon histology. The DSS group exhibited an increase in colonic inflammation with Active Inflammatory Index Score and Chronic Inflammatory Index Score of 2.65 Ϯ 0.47 and 2.60 Ϯ 0.47, respectively; both control and FR groups had scores of 0 Ϯ 0 (p Ͻ 0.001; Fig. 2A-C) .
Cytokines. Starting at 7 d of treatment (DOL 39), the DSS group had significant increases in the systemic inflammatory cytokines IL-6 compared with other groups (Fig. 3A) and cytokine-induced neutrophil chemoattractant (KC; Fig. 3B ). There were no significant differences at any time point for TNF-␣ (Fig. 3C) . Data shown are fold increase above control. Serum concentration of cytokines in control mice were as follows: IL-6, 21.4 Ϯ 6.3 pg/mL, n ϭ 16; KC, 38.5 Ϯ 8.3 pg/mL, n ϭ 16; and TNF-␣, 11.7 Ϯ 2.1 pg/mL, n ϭ 16. There were no differences in levels of IL-1␤ or the anti-inflammatory cytokine IL-10 (data not shown). Prepuce-glans separation and testicular weights. The DSS group exhibited a delay in prepuce-glans separation relative to both the control group and the FR group, as analyzed both by Kaplan-Meier curve plotting percent animals without prepuceglans separation (Fig. 4A) and by mean age of prepuce-glans separation (Fig. 4B) .
The DSS group had a significant decrease in testicular weight compared with the control group (Fig. 4C ). There were no significant differences in testicular weight between control and FR mice or between DSS and FR mice. Histological comparison of testicular sections from each treatment group failed to reveal differences in signs of inflammation or sertoli cell appearance between the DSS, control, and FR groups (data not shown).
Hormone levels. There were no significant differences in baseline levels of LH between the DSS group and either the control or FR groups (Fig. 5A) . After GnHR stimulation, each group had higher levels of LH than at baseline (p Ͻ 0.01). FR mice had higher GnRH-stimulated levels of LH than DSS mice. Levels of FSH were lower in the DSS colitis group compared with the control and FR group both at baseline and after GnRH stimulation (Fig. 5B ). There were no significant differences in testosterone between the groups, with the majority of values being at the low end of the measurable range, near the limit of detection 8.5 (Fig. 5C) .
Leptin levels remained stable from baseline until DOL 36 in all groups but were decreased from baseline starting at DOL 39 for both the DSS and FR groups (Fig. 5A) . Leptin levels for DSS and FR animals were lower than control levels from DOL 40 to 42. There were no differences in leptin levels between the DSS and FR groups at any time point. On DOL 42, there was no significant difference in corticosterone levels between any of the groups (Fig. 5B) .
DISCUSSION
Puberty marks a time of rapid physical and psychological change separating childhood from adulthood. Puberty is often seen as a surrogate for general medical health because multiple chronic illnesses-including IBD-frequently result in delayed puberty (21) . This delay is associated with decreased bone density and may result in a loss of final height potential (1), underscoring the clinical importance of determining the mechanisms behind delayed puberty in IBD. One proposed mechanism for this delay is that IBD causes decreased food intake and poor weight gain, leading to low levels of leptin-a hormone necessary for the onset of puberty (1,8 -10) . As a means of investigating this issue, we have used a model of DSS colitis in prepubertal male mice to demonstrate that these mice have a delay in puberty relative to mice that were FR to maintain the same weight as the DSS group. Although it was theoretically possible that male mice with colitis would have lower levels of leptin than FR mice as an explanation for the further delay in puberty, we instead found that DSS and FR mice had similar levels of leptin throughout the course of the experiment, suggesting that changes in reproductive hormone regulation among male mice with colitis was related to factors besides low leptin alone-although low leptin levels may potentiate the effects of additional factors. These findings are similar to our previous report of delayed puberty among female mice with DSS colitis versus FR mice (12) . In contrast to gender differences in the effect of body weight on pubertal timing in the context of overweight (13) (14) (15) , these findings suggest a similar pattern of delayed puberty in male and female mice beyond what would be expected by leptin levels alone. In addition, this study is unique in that no previous investigators have demonstrated a delay in puberty among male animals with colitis relative to a group with similar weights.
In this manner, our results contrast with the findings of Azooz et al. (11) . These researchers used TNBS to induce colitis in sexually immature male rats and compared these with a pair-fed group. They reported a nonsignificant trend toward later puberty TNBS group with pubertal delay in 57% of rats with colitis versus 28% of the pair-fed group. The major difference between our study and that of Azooz et al. is the model of colitis used. In the study by Azooz et al., rats with TNBS colitis had an earlier onset of low body weight relative to controls, with a significant weight difference starting only 3 d after TNBS administration and continuing for the remainder of the experiments (14 d total of colitis). In their experiments, the pair-fed rats had a daily weight curve that overlapped almost completely with the TNBS group, indicating that poor weight gain in that model was due almost entirely to a decrease in food intake among the TNBS rats. The rapid separation in weight between the control rats and both the TNBS and pair-fed rats seemed to delay puberty similarly among these two groups.
By contrast, we found a significant difference in pubertal timing between DSS-treated mice and FR mice. The reason for this difference in pubertal timing may relate to the weight curve that we observed compared with the weight curve in the study of Azooz et al. Similar to IBD seen in children, our administration of DSS resulted in a more insidious onset of poor weight gain. Although the previous investigators noted a separation in weights at d 3 of colitis, we did not note a significant weight difference until d 7 of the experiment (Fig.  1A) . In the interval between d 1 of colitis and d 7-during which the control, DSS, and FR groups all had similar body weight (Fig. 1A) and similar levels of leptin (Fig. 6A )-100% of control and FR mice exhibited separation of the prepuce from the glans penis ( Fig. 4A and B) . The main factors separating the DSS-treated mice from the control and FR mice during this time range were the worsening colonic and systemic inflammation (Fig. 3A and B) . It may be that early changes in inflammation contributed to the delay of puberty in these experiments, as has been suggested previously (12, 22) and has been suggested as a cause of decreased fertility in men with IBD (23) .
There were differences noted between specific hormone responses between male mice with colitis and female mice with colitis (12) . Female mice exhibited an initial rise in leptin levels by d 4 of colitis, whereas males merely maintained initial leptin levels. This may be due to differences in fat mass acquisition in that male control and DSS mice had gained an average of 7.4% of initial weight by d 4, whereas female control and DSS mice had gained 21% by this time. Female mice in the FR group had higher levels of corticosterone, compared with males who showed no difference in corticosterone between groups, of uncertain cause.
The male mice with colitis in our experiment demonstrated an increase in systemic inflammation relative to both of the other two groups, including increased levels of the inflammatory cytokines IL-6 and KC. IL-6 has been shown to be a major factor in the systemic disease associated with colitis in that mice and humans that receive infusions of antibodies to IL-6 show improvements in colitis-related factors such as colitis symptoms (24, 25) , growth (26) , and bone metabolism (27) . Similarly, production of KC in the colon has been demonstrated during DSS colitis in adult mice (28) , and administration of anti-KC antibodies during TNBS colitis resulted in decreased colonic inflammation and improved survival (29) . We did not observe a significant difference in TNF-␣ levels during colitis. However, antibodies to TNF-␣ are widely used in the treatment of colitis and have been shown to be associated with improvements in colitis-related sequelae such as growth (30) . In consideration of the timing of these increases in systemic cytokines, IL-6 levels had already exhibited a trend toward increased levels among the DSS group by DOL 36 (Fig. 2A, p ϭ 0.059) , during the timing of delayed puberty.
The case for systemic inflammation causing changes in gonadotropin regulation-and thus changes in the onset puberty-is strengthened by multiple previous experiments that demonstrated a suppressive effect of experimental inflammation on release of gonadotropins. Administration of inflammatory cytokines via intracerebroventricular injection (31, 32) and peripheral injection of lipopolysaccharide (33) have been shown to decrease systemic levels of LH and FSH, which are in turn responsible for stimulating the production of testosterone in the testes. Because puberty proceeds by the same process (gonadotropin-driven testosterone production), the suppression of gonadotropins by systemic inflammation provides a plausible explanation for the delayed pubertal timing of mice with DSS colitis relative to controls. Although we did not note a difference in basal levels of LH or testosterone between mice with DSS colitis and control animals, it must be noted that 1) LH is normally secreted in bursts, and basal levels may not be indicative of the overall area under the curve for LH over the course of the experiment and 2) testosterone values in our study were all near the limit of detection for the assay used (8.5 ng/dL) including in control animals, making it difficult to show a true difference between groups. We did note lower levels of LH after GnRH stimulation among DSS-treated mice. In addition, our validated test of testosterone exposure [i.e. the separation of the prepuce from the glans penis (11, 17, 18) ] suggests that testosterone levels were lower over the course of the experiment in DSS-treated mice.
In addition to decreases in gonadotropin-stimulated production of testosterone, an alternate explanation for a delay in pubertal progression is through direct effects of colitis on testicular production of testosterone. As mentioned, we did not note a difference in testosterone levels between our mice, with all of our mice having testosterone levels near the limit of detection. In addition, if the mice with DSS colitis had a decrease in testosterone production because of the direct effects of colitis on testicular function, we would expect to see a secondary increase in LH levels as the animal attempted to further increase production. This is seen in mice who have received orchiectomies at a similar age (34) . The absence of such a secondary increase in LH provides evidence that the delay in puberty was not because of a direct effect on gonadal function.
We noted a decrease in testicular size among mice with DSS colitis, which may have been because of their delay in puberty. It may also have been because of a decrease in FSH. Normally, FSH stimulates the sertoli cells in the testis, constituting a large proportion of testicular volume (35) . Our mice with DSS colitis had both lower FSH and smaller testes than control mice and did not exhibit differences in testicular morphology on histological examination. Overall, the lower FSH levels and smaller testes are consistent both with their delayed sexual maturation and with a decrease in gonadotropin production related to their colitis.
The most common explanation for delayed puberty in colitis is the decrease in food consumed or absorbed (1) . Although we did not directly assess the degree of absorption of food, we found similar total food intake among mice with DSS colitis and those who had been FR. Unlike the study by Azooz et al., we did not systematically feed our FR mice the same amount of food as the colitis mice. Instead, we empirically chose an amount of food that allowed their weight curve to match the curve of the mice with colitis. Interestingly, it turned out that the total food consumed did not differ overall between the two groups. In this manner, they were similar to the study by Azooz et al., potentially suggesting that the major inhibition on weight gain in DSS colitis-as in TNBS colitis in rats-is anorexia and not a decrease in food absorption. Nevertheless, it must be noted that neither we nor Azooz et al. measured basal metabolic rates between groups. Changes in basal metabolic rates may also be an important factor in that, e.g. a decrease in food absorption could be offset by a similar decrease in energy expenditure. Overall, we found that despite similar rates of food intake, mice with DSS colitis had a later timing of puberty than the FR group, again suggesting a cause other than decreased food intake.
In conclusion, we noted a delayed timing of puberty in male mice with DSS colitis relative to FR mice with similar weight and leptin levels, suggesting that low levels of leptin were not the primary cause of pubertal delay. Further studies are needed to better define the exact means by which colitis produces this pubertal delay and whether therapeutic interventions to prevent this delay result in improved outcomes related to bone density and final height.
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